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Abstract.  We have molecularly cloned and sequenced 
a  rat liver nuclear pore complex (NPC) protein of cal- 
culated molecular mass of 155  kD.  Consistent with re- 
cently proposed nomenclature this protein is termed 
nucleoporin 155,  or nup155.  Unlike other nups that 
have so far been molecularly cloned and sequenced, 
nup155 does not contain repetitive sequence domains. 
It does not show similarity to the sequences of other 
proteins, including any nups,  so far compiled in the 
data bases.  Like other vertebrate nups which have 
been characterized nup155 possesses abundant (46 in 
total) consensus sites for various kinases.  By immuno- 
electron microscopy, nup155  is associated with both 
the nucleoplasmic and the cytoplasmic aspect of the 
NPC and is therefore possibly a component of the 
symmetrically arranged NPC substructures. In mitotic 
cells, nup155 assumes a  diffuse cytoplasmic distribu- 
tion. Nup155 is among the ,x,30 proteins that were ex- 
tracted from rat liver nuclear envelopes by 2.0 M 
urea/1.0 mM EDTA, separated from WGA-reactive 
proteins by WGA-Sepharose and further subfraction- 
ated by SDS-hydroxylapatite. These proteins are 
potential candidates for being nups. 
T 
HE nuclear pore complex (NPC) l is a large organelle 
(1, 22, 41, and for review see reference 29) with an es- 
timated mass of 1.25  x  108 D  (34).  The collective 
term "nucleoporin" (11) (nup) has been introduced to refer to 
any of the hundred or more distinct proteins that are esti- 
mated to comprise the NPC. The nups are "peripheral" mem- 
brane proteins of the nuclear envelope membrane and are 
thus distinguished from integral proteins, such as gp210 (17, 
45) that are specifically localized to the "pore membrane" 
domain of  the nuclear envelope and that are likely to function 
in the anchoring of the NPC to the membrane. 
Approximately a dozen of the nups have been identified 
using mAbs (10-13,  32,  36, 42).  Most of these mAbs are 
polyspecific, reacting with more than one protein (11-13, 32, 
36, 42) suggesting the presence of shared epitopes in these 
proteins. Moreover, the mAbs react with nups from mam- 
mals to yeast (3, 7, 12,  13, 36, 42) indicating that these epi- 
topes  are  conserved.  Indeed,  molecular  cloning  and  se- 
quencing  of several  mAb-reactive  proteins  in  yeast and 
vertebrates revealed the presence of highly repetitive and 
conserved sequence motifs that are part of these epitopes (7, 
13,  31, 42).  So far,  five mAb reactive proteins have been 
cloned in yeast: NUP1 (13) and NSP1 (24, 31) share a repeti- 
tive nonapeptide motif and NUP49, NUP100,  and NUPll6 
share a  repetitive tetrapeptide motif (42).  Only two nups 
have so far been molecularly cloned and sequenced in ver- 
tebrates: p62 (8, 37) and nup153 (38). Both of these proteins 
share a  repetitive motif with yeast NSP1 and NUP1.  The 
1. Abbreviations used in this paper:  NE, nuclear envelope; NPC, nuclear 
pore complex; nup, nucleoporin. 
mAb-reactive nups of vertebrates, but apparently not those 
of yeast, also react with wheat germ agglutinin (11, 12,  19, 
23, 32, 35) because of the modification of Ser or Thr by sin- 
gle O-linked N-acetylglucosamine residues (12, 19, 23, 32, 
35, and for review see reference 21). 
Although the precise  number of copies  of each of the 
dozen mAb- and WGA-reactive nups per NPC is not known 
it is likely that together these proteins may account for only 
~10% of the total mass of NPCs. To begin characterization 
of the remaining nups that are not reactive with WGA we 
have attempted to develop methods to isolate and character- 
ize them. Here we describe a procedure for the isolation of 
potential nups. Rat liver nuclear envelopes were extracted by 
2 M urea and EDTA, the extracted proteins were fractionated 
by WGA-Sepharose chromatography and the proteins not 
reactive with WGA were subfractionated by SDS-hydrox- 
ylapatite chromatography and by SDS-PAGE.  One of the 
proteins so isolated, with an estimated molecular mass of 
140 kD (from the mobility in SDS-PAGE,  and therefore re- 
ferred to as p140) has been further characterized.  Partial 
protein sequence analysis of p140, synthesis of a correspond- 
ing peptide, production of monospecific antibodies, and im- 
munolocalization have shown p140  to be localized in the 
NPC and therefore to be a nup. Molecular cloning and se- 
quencing revealed a  protein  with a  calculated molecular 
mass  of  155  kD.  Consistent with  a  recently  introduced 
nomenclature this protein is therefore termed nup155. Unlike 
the  WGA-  and  mAb-reactive  nups  so  far  characterized, 
nup155 lacks repetitive sequence motifs. Homology searches 
have not revealed similarities to any proteins in the data 
banks. 
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Subfractionation of  Peripheral Membrane Proteins of 
Rat Liver Nuclear Envelopes 
Rat liver nuclei were isolated from 150-200 g Sprague  Dawley rats as de- 
scribed by Blobel and Potter (5) and nuclear envelopes  were obtained by 
two successive  DNase and RNase digestions  as described (14, 45). 
For the extraction of peripheral membrane proteins, nuclear envelopes 
(NE) were incubated with 2 M urea,  1 mM EDTA, 20 mM Tris, pH 7.5, 
1 mM DTT, and 0.1 mM PMSF for 15 rain at 4°C at a concentration of 
100 U of NE per nd of extraction buffer (1 U of N E is the amount of material 
derived from 1 A260  U of rat liver nuclei:  '~3  ×  l0  s nuclei;  1 g of rat liver 
yields ,,~20 A26o U of nuclei). The extracted proteins were separated  from 
extracted NE by centrifugation at 20,000 g for 30 min at 4°C in a HB4 rotor 
(Sorvall Instruments, Newtown,  CT). The supernatant was collected  and 
the proteins precipitated with 10% TCA. 
To separate proteins that bind to WGA from those that do not, precipi- 
tated proteins were solubilized  in 2% SDS (wt/vol),  20 mM Tris, pH 7.5, 
and 20 mM DTT. After incubation at 65"C for 20 min the sample was 
diluted with the appropriate reagents to 100 U of extract per ml of 0.5% 
Triton X-100 (vol/vol), 0.1% SDS, 200 mM NaCI, 20 mM "Iris, pH 7.5, 0.1 
mM  EDTA,  1 mM  DTT, and 0.1  mM  PMSF and then loaded onto a 
WGA-Sepharose column which had been prctreated overnight at 4°C with 
0.5% Tween 20,  150 mM NaCI, 20 mM Tris, pH 7.5, to block nonspecific 
sites.  Generally,  1 ml of WGA-Sepharose was used per ,'~2,000 U of ex- 
tract. Loading was performed batch-wise at 4°C for period of 4-5 h. The 
slurry was then poured into a column and the ~flow through" collected.  The 
gel was then washed with 20 vol of 0.5% Triton X-100, 0.1% SDS, 200 mM 
NaC1, 20 mM Tris, pH 7.5, 0.1 mM EDTA,  1 mM DTT, 0.1 mM PMSF, 
and the WGA-binding proteins eluted at room temperature with 4 vol of a 
wash buffer containing 0.5 M N-acetylglucosamine  (Aldrich, Milwaukee, 
WI) and 0.38  mM N,  JV,  N',-triacetylchitotriose  (Sigma,  St.  Louis,  MO). 
For further subfractionation,  the proteins in the flow through of the 
WGA-Sepharose were precipitated with 10% TeA, washed with acetone, 
solubilized in 2% SDS, 100 mM sodium phosphate buffer, pH 6.8, 100 mM 
DTT, and then subjected to SDS-hydroxylapatite  chromatography as previ- 
ously described (9) except that a linear gradient of 0.1 to 0.5 M sodium phos- 
phate buffer, pH 6.8, containing 0.1% SDS and 1 mM DTT was used for 
elution. 
Fractions from the eluate of the hydroxylapatite column containing poly- 
peptides of interest were pooled.  Proteins were precipitated with 10 % TCA 
and then solubilized in SDS-sample buffer, incubated for 20 min at 65°C, 
and then separated  by SDS-PAGE on a 6% acrylamide gel.  Polypeptides 
were electrophoretieally  transferred to nitrocellulose  and visualized  with 
1% Ponceau red in 1% acetic acid. A protein with an apparent molecular 
mass of 140 kD and therefore  referred to as p140 (see arrowhead  in Fig. 
2) was excised and subjected to partial NH2-terminal  sequence analysis or 
cleaved with endopeptidase  Lys-C as described (15) and several of the inter- 
nal peptides  subjected  to NH2-terminal  sequence analysis. 
In comparative  extraction procedures,  2.0 M urea/1.0 mM EDTA was 
replaced  by 7.0 M urea/1.0 mM EDTA or 500 mM NaC1/5.0 mM MgCI2. 
In the case of the 7.0 M urea/l.0 mM EDTA, extraction was performed at 
20°C,  and then the samples were centrifuged  at 356,000  g for 10 min at 
20°C. 
Anti-peptide Antibodies 
A peptide was synthesized on the basis of peptide sequence obtained from 
p140 (amino acid residues 951-970,  see Fig. 8). An NH2-terminal cysteine 
was introduced  for coupling  purposes.  The peptide was linked to keyhole 
limpet hemocyanin (Calbiocbem-Novabiochem  Corp., La Jolla, CA) using 
1-ethyl-3-(Y-dimethylaminopropyl)  carbodiimide  hydrochloride  (Pierce, 
Rockford, IL) (30) and the conjugate used to elicit antibodies in rabbits. The 
antibodies were affinity purified using the same synthetic peptide coupled 
to SulfoLink  gel  (Pierce)  via its NH2-terminal  cysteine  (28).  The bound 
antibody was eluted by 0.1 M glycine buffer, pH 2.5 (20). 
Immunoblot Analysis 
Proteins separated  by SDS-PAGE were  electrophoretically  transferred to 
nitrocellulose  (40). Blots to be incubated with antibodies were washed two 
times in distilled water, once in 40% 2-propanol for 5 min, and then exten- 
sively with water. The blots were blocked for 3 h at room temperature with 
0.1% gelatin,  0.1% Tween 20,  150 mM NaC1, 20 mM Tris-HCl, pH 7.5, 
0.075 mM PMSF, and probed for 3 h at room temperature with primary anti- 
Figure  I.  Differential  extrac- 
tion of peripheral membrane 
proteins  by  treatment of NE 
with high salt or urea/EDTA. 
Nuclear  envelopes  were  in- 
cubated either with 500  mM 
NaC1/5.0  mM  MgC12,  2.0 M 
urea/1.0 mM EDTA, or 7.0 M 
urea/1.0 mM  EDTA and cen- 
trifuged  to  separate  the  ex- 
tracted proteins in the super- 
natant  (S)  and  the  extracted 
nuclear envelopes in the pellet 
(P).  The  proteins  were  ana- 
lyzed  by  SDS-PAGE  and  ei- 
ther  Coomassie  blue  stain- 
ing  (A)  or  immunoblotting 
with  mAb  414  (B)  reacting 
with the two nucleoporins p62 
and  p180  or  with  antibodies 
against gp210 and lamins A/C 
(C). The amount of protein in 
each lane is derived from 2.0 
OD  U  of nuclear  envelopes. 
Numbers  on the left indicate 
the position of the molecular 
mass  markers  in kilodaltons. 
The additional bands in C, lane 
7, are likely degradation prod- 
ucts of gp210. 
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bodies were diluted to 0.6 #g/ml and the rabbit antisera against gp210 (43) 
and lamins A and C (6) were diluted  1:1,000. The source of the mAb414 
(11) was a hybridoma culture medium and was used at a 1:20 dilution. The 
mAb414-incubated blots were  washed 3  x  15  rain and  incubated  with 
affinity-purified rabbit anti-mouse IgG at 2 ttg/ul (Organon Teknika, West 
Chester, PA). All blots were then washed 3 ×  15 min with blocking solution 
and incubated for  1  h  in t25I-protein A (New England Nuclear, Boston, 
MA) in blocking solution. After this incubation blots were washed 4  x  15 
rain with the blocking solution and exposed to X-ray film for autoradiogra- 
phy at  -80°C. 
lmmunofluorescence 
Monolayer cultures of BALB/c 3T3 or BRL cells grown on glass coverslips 
were washed with TBS (25 mM Tris-HCl, pH 7.5, 150 mM NaCI), fixed, 
and permeabilized  with cold methanol for 6 min at -20°C, rinsed twice 
with TBS containing 0.1% Tween 20 (TBST), and blocked for 1 h at room 
temperature  with 2% nonfat dry milk (Carnation Co., Los Angeles, CA) 
in TBST (TBSTM). The cells were then incubated for 30 rain at room tem- 
perature with the affinity-purified anti-peptide p140 antibodies (3/zg/ml in 
TBSTM), washed five times with TBSTM, and then incubated for 15 rain 
at  room  temperature  with  fluorescein-labeled  goat  anti-rabbit IgG  (20 
~g/ml) (Cappel Organon Teknika, Durham,  NC).  Where indicated DNA 
staining Hoechst 33258 dye was added to the second antibody solution at 
a concentration  of 0.5 ~g/ml.  Finally, the cells were washed six times in 
TBSTM, once in TBST containing 0.1% BSA and mounted in 90% (vol/vol) 
glycerol containing 1 mg/mlp-phenylenediamine,  10 mM Tris-HCl, pH 8.0 
(25). Specimens were examined using an Axiophot Microscope (Carl Zeiss, 
Oberkochen, Germany) and the images were recorded on film (TMAX-400~ 
Eastman  Kodak Co., Rochester, NY). 
lmmunoelectron Microscopy 
3T3  cells  grown  as  monolayers  were detached  with trypsin,  washed in 
DME, and pelleted by centrifugation.  The cell pellet was fixed with 2 % 
paraformaldehyde-0.05 % glutaraldehyde in 100 mM cacodylate buffer, pH 
7.4, at 4°C for 30 rain. The pellet was then dehydrated in 70% ethanol and 
embedded in L. R. White (Electron Microscopy Sciences, Port Washington, 
PA). Sections were cut on a Reichert-Jung Ultracut E ultramierotome (Mi- 
croscopic  Optical  Consulting  Inc.,  Valley Cottage,  NY)  and placed  on 
Formvar carbon-coated nickel grids. The grids were blocked with 1% BSA 
in  PBS,  probed with  affinity-purified rabbit  anti-peptide  antibodies  (3 
~g/ml) and binding detected with goat anti-rabbit IgG bound to 10 nm gold 
particles (Amersham Life Sciences, Arlington Heights, IL). The grid was 
stained with uranyl acetate and viewed on an electron microscope (100 CX; 
JEOL USA, Peabody, MA) operated at 80 kV. 
For cryo-sectioning an aliquot of cells fixed as above was incubated for 
30 min with 2.3  M sucrose in PBS at room temperature  and then frozen 
in liquid  nitrogen.  Ultrathin  frozen sections were prepared according to 
Tokuyasu (39).  Rainbow-colored sections were cut on a cryo-ultramiero- 
tome (FC-4E; Reichert Jung S. A., Paris) and collected on Formvar carbon- 
coated  nickel grids.  Grids were blocked and probed as described  for the 
L. R. White sections. After binding of the goat anti-rabbit bound to 10 nm 
gold, the grids were washed and stained according to Griffiths et al. (18). 
Synthesis of  a p140-specific cDNA Probe 
The exact eDNA sequence for a portion of p140 was determined using the 
PCR procedure described by Lee et al.  (27) as follows. On the basis of a 
25 amino acid peptide sequence (amino acids 443-467;  see Fig. 8), two par- 
tially degenerate oligonucleotide primers were synthesized corresponding 
to the sense sequence of amino acid residues 443-449 (sense primer) and 
the antisense sequence of amino acid residues 462-467  (antisense primer). 
As a template we used first-strand eDNA synthesized from size-selected 
poly A  + RNA of NIS1 cells using random primers (45). The in vitro am- 
plification was performed  using Taq polymerase (Perkin-Elmer Corp., Nor- 
walk, CT) in a 0.1-ml reaction containing 0.1 t~g of eDNA and 6 pmoles 
of each of  the degenerate sense and antisense primer mixtures. The sample 
was exposed to 25 cycles of  denaturation (940C for I min), annealing (42°C 
for 2 min), and polymerization  (72°C  for 1 min).  The reaction products 
were analyzed on a 4% low-melting agarose gel (NuSieve GTG; FMC Bio- 
Products, Rockland, MD). A band of  72 bp was excised, phenol extracted, 
ethanol precipitated,  and then subjected to a second round of amplification 
under the same conditions. The DNA product was analyzed on an agarose 
Figure 2.  Separation  of pe- 
ripheral  membrane  proteins 
extracted from nuclear enve- 
lopes by 2.0 M  urea/1.0  mM 
EDTA  into  those  that  bind 
and  those  that  do  not  bind 
to  WGA-Sepharose.  Extract 
(Load)  was  incubated  with 
WGA-Sepharose.  Equivalent 
aliquots  of the  load  and  the 
flow-through fraction and five 
times  more  of  the  material 
eluted  specifically by  sugars 
were analyzed by SDS-PAGE 
(8 % acrylamide) and Coomas- 
sie blue staining. Numbers on 
the  left  indicate  molecular 
mass in kilodaltons. 
gel and the major 72-bp fragment was isolated, subeloned into pBlueseript 
II SK (Stratagene, La Jolla, CA), and sequenced with Sequenase (United 
States Biochemical Corp., Cleveland, OH). 
Screening of the cDNA Library 
A  XZAP eDNA  library  produced  from  rat  N1S1 cells mRNA  (45) was 
screened with a 41-met oligonucleotide complementary to the sense strand 
of the  subcloned  PCR product.  The  oligonucleotide  was labeled  with 
"y[32p]ATP (New England Nuclear) using polynucleotide kinase (New En- 
gland Biolabs, Beverly, MA), and used to screen 1 million recombinants. 
Phage lifts were performed as described in reference 4. Filters were pre- 
hybridized at 65"C for 1-3 h in a solution containing 50% formamide, 5x 
Denhardt's  solution,  0.2%  SDS, 50 mM NaPi, pH 7.7, 900  mM NaC1, 
5 mM EDTA, and 100 #g/rnl denatured salmon sperm DNA. Hybridization 
was performed at 42°C for 24 h using '~3  ×  l0  S cpm of labeled oligonu- 
cleotide/ml hybridization buffer (identical to prehybridization buffer except 
250 #g/ml tRNA is used instead of denatured salmon sperm DNA). Filters 
were washed three times at room temperature and twice at 45"C in lx SSC, 
0.1% SDS. Positive plaques were purified, pBluescript SK(-)-eontaining 
eDNA inserts were rescued from plaque-purified clones. Plasmid DNA was 
sequenced with Sequenase. To obtain a full-length sequence, screening was 
repeated using 50-mer oligonncleotide probes synthesized on the basis of 
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tite  chromatography  of  pe- 
ripheral  nuclear  membrane 
proteins that did not bind to 
WGA-Sepharose. Proteins ex- 
tracted from nuclear envelopes 
by 2.0 M urea/1.0 mM EDTA 
and not bound to WGA-Sepha- 
rose were further subfraction- 
ated by SDS-hydroxylapatite 
chromatography. Every other 
fraction, beginning with No. 
44 was analyzed  by SDS-PAGE 
(8 % acrylamide) andpolypep- 
tides visualized byCoomassie 
blue staining. Arrowhead indi- 
cates p140 and arrows to the 
right indicate positions oflam- 
ins A, B, and C. Numbers on 
the  left  indicate  molecular 
mass in kilodaltons, 
the extreme 5' and Y ends of  the known sequence. Screening was performed 
as above except that the formamide concentration was adjusted to 45% and 
the temperature of  the last two washes was increased to 60"C. This strategy 
was repeated through one more round of screening to deduce the entire 
amino acid sequence. 
Subsequently three full-length cDNAs were isolated from a BRL cell 
eDNA library in lambda gtl0 (generottsly provided by Dr. lu  n Sukcgawa, 
Howard Hughes Medical Institute, The Rockefeller University). This li- 
brary was screened as above with a 54-met oligonucleotide complementary 
to the 5' most end of the overlapping, partial eDNA: it confirmed and ex- 
tended the sequence obtained from the overlapping partial eDNA clones. 
Sequence Analysis 
The deduced amino acid sequence was analyzed on a Macintosh computer 
using the programs Protean  1.08 from DNASTAR Inc.  (Madison, WI), 
DNA Strider 1.1, and MACPROT from Macintosh. The deduced amino 
acid sequence was compared with the sequences in the GenBank and EMBL 
data bases by the FASTA program of Pearson and Lipman (33). 
Results 
Extractions and Subfractionation of  Potential Nups 
Rat  liver nuclear envelopes were prepared  from isolated 
nuclei (5) by two successive DNase and RNase digestions 
(14, 45). Various conditions for the extraction of peripheral 
membrane proteins were then used. The extracted peripheral 
membrane proteins (supernatant,  S)  were separated  from 
the membranes (pellet, P), by centrifugation for 15 min at 
89,000 g. The extent of extraction was monitored by SDS- 
PAGE,  Coomassie blue staining and irnmunoblot analysis 
with various antibodies (Fig.  1). Under the mildest extrac- 
tion condition, 500  mM NaC1/5  mM MgCb,  a  consider- 
able number of proteins were already extracted (Fig.  1 A, 
lanes 2 and 3). One of  these proteins is the partially extracted 
p62, a nup that reacts with mAb414 (11) (Fig.  1 B, lanes 2 
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this extract as starting material for further subfractionation 
of nups by WGA-Sepharose affinity chromatography (Fig. 
2).  As  expected,  most  of the  proteins  did  not  bind  to 
WGA-Sepharose and appeared in the flow-through (Fig. 2, 
lane  2).  Only  a  distinct  set  of proteins  bound  and  was 
specifically eluted with sugars (Fig. 2, lane 3). 
The proteins that did not bind to WGA-Sepharose were 
precipitated,  dissolved in an SDS-containing buffer, frac- 
tionated by SDS-hydroxylapatite chromatography and sepa- 
rated by subsequent SDS-PAGE of the fractions (Fig.  3). 
More than 30 proteins, among them lamins A, B, and C, 
were separated by these procedures. Most of these proteins 
are likely candidates for being nups. One of the more abun- 
dant of these proteins (see arrowhead in fraction No. 56 in 
Fig. 3), termed p140 on the basis of its estimated molecular 
mass of 140 kD on SDS-polyacrylarnide gels, has been cho- 
sen for further characterization. 
Figure 4. Immunoblots with afffinity-purified  anti-peptide (p140)  an- 
tibodies of SDS-PAGE separated proteins of cellular fractions (A), 
subfractions of purified rat liver nuclei (B) and subfractions of nu- 
clear envelopes (NE) (C). (A) a rat liver homogenate was fraction- 
ated by differential centrifugation at 800 g for 10 rain at 4"C to yield 
a crude pellet of nuclei; the 800 g supernatant was then centrifuged 
at 12,000 g for 15 min to yield a pellet of mitoehondria (MiO. The 
resulting supernatant was centrifuged at 128,000 g for 15 min to 
yield a pellet of microsomes (Mic), and a postmicrosomal superna- 
tant (Sup). Approximately equal amounts of total protein are pres- 
ent in each lane. (B) Purified rat liver nuclei (NucleO were incu- 
bated consecutively with DNase and RNase to yield a "nuclease 
extract" and nuclear envelopes (NE). The amount of protein in each 
lane corresponds to 0.40D U of  nuclei. (C) Nuclear envelope (NE) 
extracts identical to those shown in B. Numbers on the left indicate 
molecular mass in kilodaltons. 
and 3). However lamins A and C are not extracted (Fig.  1 
C, compare lanes 2 and 3). Neither is gp210 (Fig. 1 C, lanes 
2 and 3) an integral membrane protein that is used here as 
a marker for complete sedimentation of membranes. Under 
harsher extraction conditions, using 2.0 M urea and 1 mM 
EDTA, more proteins appear to be extracted and those that 
were already partially extracted at 500  mM NaC1/5  mM 
MgCI2 are more completely extracted (Fig.  1 A, compare 
lanes 2-5). Two of the mAb414 reactive nups, p62 and p180, 
were completely extracted (Fig. 2 B, lanes 4 and 5). Only 
small amounts of the lamins were extracted under these con- 
ditions (visible in Fig.  1 A, lane 4 and in a longer exposure 
of the immunoblot [data not shown] of Fig. 1 C, lane 4). As 
expected, gp210 was not extracted (Fig. 1 C, lanes 4 and 5). 
Finally, under the harshest conditions, 7.0 M urea and 1 mM 
EDq'A, extraction of peripheral membrane proteins, includ- 
ing the lamins,  appeared to be complete (Fig.  1, compare 
lanes 6 and  7 of A, B, and C). 
Because of  the minimal extraction of lamins and the appar- 
ently complete extraction of  the mAb414-reactive nups at 2.0 
p140 Is a Nup 
We obtained several partial amino acid sequences from p140, 
both  from the  NH2 terminus  and  several endoproteolytic 
fragments.  A  peptide corresponding to an internal region 
was synthesized and antibodies were elicited in rabbits. The 
p140 specific antibodies were then used to determine the in- 
tracellular location of p140. 
A rat liver homogenate was subfractionated by differential 
centrifugation into nuclei, mitochondria (Mit), microsomes 
(Mic), and a postmicrosomal supernatant (Sup). Proteins in 
these fractions were separated by SDS-PAGE, transferred to 
nitrocellulose and analyzed for reactivity with anti-p140 an- 
tibodies, p140 was found exclusively in the nuclear fraction 
(Fig. 4 A). 
Next, purified rat liver nuclei were subfractionated by two 
successive  DNase  and  RNase  digestions.  The  material 
released by nuclease digestion was separated from the NE by 
centrifugation. The proteins were again analyzed by SDS- 
PAGE and subsequent immunoblotting, p140 was found ex- 
clusively in the nuclear envelope (Fig. 4 B). 
To further sublocalize p140,  nuclear envelopes were ex- 
tracted as in Fig.  1 and the extracted and nonextracted pro- 
teins analyzed by SDS-PAGE and subsequent immtmoblot- 
ring (Fig. 4  C).  About 50% of p140 was extracted by 500 
mM NaC1/5  mM MgCI2,  whereas most or all of p140 was 
extracted with 2  M  urea/1  mM EDTA or 7  M  urea/1 mM 
EDTA, respectively. Thus by all these fractionation criteria 
p140 behaves like a peripheral membrane protein of the nu- 
clear envelope, consistent with it being a nup. 
The association of p140 with the nuclear envelope was fur- 
ther  examined by  immunofluorescence microscopy using 
cultured buffalo rat liver (Bethesda Research Laboratories, 
Gaithersburg, MD) cells that had been fixed and permeabi- 
lized with methanol. Cells were probed with afffinity-purified 
anti-peptide antibodies and binding visualized with fluores- 
cein-labeled goat anti-rabbit IgG. The antibodies reveal a 
finely punetate nuclear surface staining (Fig. 5 B) or punc- 
tare nuclear rim staining (Fig. 5 A) that is characteristic for 
nups  (11, 36) and pore membrane proteins as such gp210 
(10, 44). 
In mitosis, p140 assumes a diffuse cytoplasmic distribu- 
tion (Fig. 6, b-d) that reverses back to a punctate nuclear 
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by  indirect  immunofluores- 
cence  microscopy.  Methanol 
fixed and permeabilized  3T3 
cells  were  incubated  with 
affinity-purified  anti-peptide 
(p140)  antibodies  and  then 
with  fluorescein-conjugated 
goat anti-rabbit IgG. The flu- 
orescent signal appears as (a) 
discontinuous fluorescent ring 
if the image is focused on the 
nuclear rim and (b) punctate if 
the image is focused on the sur- 
face of the nuclei.  Both pat- 
terns  are consistent  with  the 
presence of the antigen in the 
nuclear pore complexes. Bars, 
20 #m. 
surface localization at the end of mitosis (Fig. 6 e). This is 
consistent with the reversible disassembly of the NPC during 
mitosis.  Similar results were obtained previously with the 
mAb-reactive nups (11, 36, and for review see reference 16). 
In addition  sucrose gradient sedimentation analysis of mi- 
totic HeLa cell extracts show that p140 sediments at •6  S 
(data not shown) suggesting its disassembly into a monomer. 
Definitive evidence for the location ofpl40 in the NPC was 
obtained  by  immunoelectron  microscopy  using  aldehyde 
fixed BRL cells and immunolabeling, either of frozen thin 
sections (Fig. 7, b-d) or of sections obtained after embed- 
ding (Fig. 7 a). The immunogold particles clearly labeled the 
NPCs (Fig.  7) with particles visible on the nucleoplasmic 
and cytoplasmic sides. 
cDNA Sequence and Deduced Primary Structure 
of  vl4O 
We used amino acid sequence information derived from an 
internal position  of p140  and  PCR to  synthesize an exact 
probe for screening rat liver cDNA libraries. Several partial 
p140, while the lower row of images (f-j) shows the distribution of DNA in the corresponding  cells. (a) 
anapbase;  (d and e) telophase. All pictures are taken at the same magnification. Bar, 20 #m. 
Figure 6. Distribution of p140 
in mitotic BRL cells.  Metha- 
nol-fixed  and  permeabilized 
cells  were  incubated  with 
afffinity-purified  anti-peptide 
(29140) antibodies and then with 
fluorescein-conjugated second 
antibodies containing  the DNA- 
staining  dye Hoechst  33258. 
The upper row of  images (a-e) 
presents  the  localization  of 
Interphase;  (b) metaphase;  (c) 
The Journal of Cell Biology, Volume 121, 1993  6 Figure 7. Localization of p140 
by  immunoelectron  micros- 
copy. 3T3 cells were fixed  with 
2 % paraformaldehyde-0.05  % 
glutaraldehyde and either em- 
bedded in L. R. White (a) or in- 
fused with sucrose and frozen 
(b-d). The L. R. White or the 
frozen sections were incubated 
with affinity-purified  anti-pep- 
tide (p140)  antibodies followed 
by goat anti-rabbit IgG linked 
to 10 nm gold particles. (a) Ar- 
rowheads point to gold-labeled 
nuclear  pore  complexes; N, 
nucleus; n,  nucleolus.  (b-d) 
Transverse  (b),  oblique  (c), 
and tangential (d) sections, re- 
spectively,  through the nuclear 
membrane. Bar: (a)  100 nm; 
(b-d)  20 nm. 
and full-length clones were obtained and sequenced. They 
established a 4,321-bp contiguous sequence which is consis- 
tent with a 4.4-kb mRNA species identified by RNA blotting 
(data not shown). There is a 75-bp 5t-untranslated region fol- 
lowed by an ATG initiation codon (nucleotide  +1) that is 
flanked by conserved bases found at eukaryotic translational 
start sites (26). Translational initiation at this position was 
confirmed by  NH2-terminal  protein  sequence  analysis  of 
p140.  The opening reading  frame continues for 4,170 bp 
to  a  TAA  termination  codon and  is  followed by  a  short 
3'-untranslated region containing a potential poly-A addition 
site (position 4,213) and a poly-A tail. 
The cDNA codes for a protein composed of 1,390 amino 
acid residues with a calculated molecular mass of 155,020 
D.  Its identity is  confirmed by protein sequence data ob- 
tained from the NH2 terminus and six endoproteolytic pep- 
tide fragments (see underlines in Fig. 8). Analysis of its pri- 
mary and predicted secondary structure reveals no striking 
characteristics with the possible exception of a proline rich 
region between amino acid residues 584-654.  The protein 
contains numerous consensus sites for various kinases (30 
sites for casein kinase II,  16 sites for protein kinase C, and 
one site each for tyrosine kinase and cAMP-dependent ki- 
nase). Consistent with its peripheral membrane association, 
p140 contains no hydrophobic segments of sufficient length 
for  integration  into  the  membrane.  Finally,  the  primary 
structure of p140 appears to be unique and unrelated to any 
sequences present in the available data bases including previ- 
ously sequenced rat and yeast nucleoporins. As p140 is a nup 
and consistent with a recently introduced nomenclature that 
incorporates the calculated molecular mass of unmodified 
primary structure as a means to classify nups, we propose 
to term p140 as nup155. 
Discussion 
We have identified and molecularly cloned and sequenced a 
novel rat liver NPC protein of calculated molecular mass of 
155  kD,  termed nup155.  This nup differs from the others 
hitherto molecularly cloned and sequenced nups in that it 
contains neither repetitive sequence motifs nor reacts with 
WGA. 
Nup155 is one of a group of about 30 abundant peripheral 
membrane proteins (Fig.  2) that do not react with WGA. 
These proteins were extracted from isolated rat liver nuclear 
envelopes by 2.0 M urea/1.0 mM EDTA, and then separated 
from WGA-reactive proteins using WGA-Sepharose and fur- 
ther subfractionated by SDS-hydroxylapatite chromatogra- 
phy. Extraction with 2.0 M urea/1.0 mM EDTA was chosen 
because it allowed us to produce an extract enriched in nups 
and largely separated from lamins (Figs.  1 and 4). Most of 
nup155, the WGA-binding nups, and probably most nups are 
extracted under these conditions. Although it remains to be 
investigated how many of the proteins in this fraction (Fig. 
2) are nups, it is likely that many of them are. Characteriza- 
tion of another of these proteins by similar methods has, in 
Radu et al. Nup155: A Novel Nuclear Pore Complex Protein  7 -75  AATT  CCGCTTGGTTTTTCTCAC~CT~TTCGC~TTGGAGTATTTTTGTAA~GGTGACGACC,  ATTGT  TCTATG~TGAT~CC~ACGTCGCC~CCCTGCAAGAA 
cCa~p  s  M  L  o  s  M  M  v  A  s  T  s  A  P  s  L  0  E  2o 
61  GCTTTGGA~TGCGGC~GC~ATCGACCGACAG  TTGCAAGAAGACOGCATGTACCCGGACCTTTCT~T~~  ~T ~TA~ 
A  L  E  N  A  G  R  L  I  D  R  Q  L  Q  E  D  R  M  ¥  P  D  L  S  E  L  L  M  V  S  A  P  N  S  P  T  %'  $  G  M  S  D  M  D  Y  P  65 
196  CTC,  CAAGGACCAGGTCTACTGTCAGTACCGAG  Ct~ CCAGAGAT  CAGCA~TCCGAAC,  AGTTC~CCGCCTGA~~~  ~T~  ~ 
L  Q  G  P  G  L  L  S  V  P  S  L  P  E  I  S  T  1  It  R  V  P  L  R  L  S  W  L  N  S  L  D  T  e  S  V  T  ^  M  M  C  V  F  P  P  110 
331  ATCAGCAGAGCT TCCCTTACAATT GACAGTGACATATTCATGTGGAACTATGAAGACGGAGGTGA~  ~A~~~~~TC 
I  S  R  A  w  L  T  I  D  S  D  I  F  M  W  N  Y  E  D  G  G  D  L  A  Y  F  D  G  L  S  E  T  l  L  A  V  G  L  V  K  P  K  A  G  I  155 
466 TTTCAACCTCAT CTAAGACATTTGTT~TTTT GGCAACACCTGT GGATATAGTAATTCTTGGACTCAGCTATOCTAA~~A~T~T~A~GT~G~T~ 
P  Q  P  H  V  R  H  L  L  V  L  A  T  P  V  D  I  V  I  L  O  L  $  ¥  A  N  V  Q  T  0  $  G  I  L  N  D  S  V  C  G  G  L  Q  L  b  200 
601  CCAG  AT  CC  TT  T  G  TACT  CCCT  T  CCCAC~ A~AA  CACT  T  ACCT~  AACT  ATCACCT  CC~  GAT~bd%T~  A~ GG~  ~  AT  ~  ~TA~ ~ 
P  D  P  t,  y  s  L  P  T  D  N  T  Y  c  L  T  I  T  S  T  D  t~  ¢  R  I  t~  L  A  G  K  D  ¢  C  I.  Y  E  V  A  Y  Q  A  E  A  G  W  245 
756 TTCAGTC~C, ATCTAC.C~GATA~ACCACTCC.~AGCTCC,  CTCTCCT~G~TC~T~GCA~~A~A~O~  ~T~T~TA~ 
P  S  Q  R  C  R  K  I  N  H  S  K  S  8  L  S  F  L  V  P  S  L  L  Q  P  T  F  $  E  D  D  P  I  V  0  I  E  I  D  N  S  R  N  I  L  290 
871  TATACC~ATCGCACA~ACCAGTGATACAGGTTTAT  GATTT~T~,ATGGJtCA(~ATGA~'TAG~~~~T~A~AT~T~ 
Y  T  R  S  E  K  G  U  I  Q  V  y  D  b  O  H  D  G  Q  G  M  $  R  V  A  S  V  S  Q  N  A  I  V  C  A  A  U  N  I  A  R  T  I  D  R  335 
1006  TCCGTTT?T~AGCCAATTGTTCAAATAGCTGT  C,  ATTGAGAACTCTGAATCATTOGACTGTCAGTTACTGGCTGTCAC'IW.AT~G~ATT~O~  TA~ ~ 
S  V  F  K  P  I  V  Q  I  A  V  I  S  N  S  E  8  L  D  C  Q  L  L  A  V  T  M  A  G  V  R  L  Y  F  S  T  C  P  F  R  Q  P  L  A  R  380 
I~41  C~AATACACTGACACT~TTCACGTCC~A~CTCCTGGCTTCTCA~CTT~G'I'~G~G~ACAT~C~~  ~T ~  ~T ~ 
P  N  T  L  T  ~  V  H  V  R  ~  P  P  G  e  S  A  S  S  T  V  E  K  P  S  It  V  II  K  A  L  Y  S  K  e  I  L  L  M  T  A  S  E  t;  E  425 
1276  C,  ATAATGACATTTTAT G~TGTGTCAACCATGATACATTTCCTTTCCA~CAATGATGC,  AAACTCA~~T~~  ~TA~~T~ 
D  t~  D  1  L  W  C  v  1~  ~  D  T  F  P  P  Q  K  P  S  g  g  T  ~  I(  T  T  R  v  D  o  II  $  w  A  L  s  a  I  D  g  b  K  v  D  K  47o 
1411  ATAATCAC~CTTTAAAT~d~AGATCATATTCCAATAACTGACTCCCCAG`~TTGTAC~CAGCACAT~~~AT~A~ 
I  I  T  I~  L  ~  It  D  rl  I  P  I  T  D  S  I'  V  V  V  Q  Q  II  g  L  P  P  It  x  t~  v  L  ~  S  A  0  U  S  ~  M  e  S  K  I.  a  P  515 
1546 GTAOATCAG~TGAGAC ATCTGCTTGTC~GTAAC~CC, AG~C.GATC~AAG A~T ~  ~T  ~ACA~~  ~A~  ~  T  T~ 
V  D  Q  5  R  H  L  L  V  S  H  V  G  G  D  G  g  E  I  ~  R  ~  F  K  L  H  Q  £  DQA  CATC  5  1  ~  A  C  S  T  A  A  C  560 
t681  CACAC,  AGAGGTGTCI"GCCTG  GGCT  ACGAGGGCATTCTTTAC~TATCCT C~  AGGCACA~  ATGA~A~~  T~C~~A~A~AGT~ 
D  R  E  V  S  A  W  A  r  I~  A  F  F  R  r  G  a  E  A  Q  M  R  ~  ~  A  T  L  P  T  P  S  N  V  o  ~  ~  ~  ¢  s  P  M  •  s  s  s  ~05 
1816  CQTGTTCCTACTCGGAGTCCCTAT  CCAAATCCTTCCTCTT TC~ GACACCAT  CCCATCGT  C~A~A~~~~  ~  ~ 
P  v  ~  T  G  s  p  ~  ~  S  P  S  S  b  U  T  P  S  H  c  k  9  ~  P  T  M  S  T  P  M  S  A  V  O  ~  P  A  ~  ~  A  A  S  L  S  O  650 
1956  TTGACT~ACCAGAC-ATTGT GTACTCAG  ~CAACG  GTAT  TTGCATTT ACTT  ~  ~T~T  ~TA~  ~T  ~A~A~G~GA~A~G  ~TC~ 
L  T  O  P  ~  I  v  ¥  s  ¢  It  I~  N  O  I  C  1  ¥  F  s  ~  I  ~  u  N  I  ~  D  A  s  ~  v  v  E  ~  v  e  ~  s  $  ~  ~  E  X  ?  695 
20~6  GCAATT~AAAOCAG~'G  TC,~TATCCAC,~  GGAGTCAGTC~ ACAG(k%ACTC~C~  TT~ ~AG~T ~U~&~A~T~TA~G 
A  1  ~  S  s  V  ~  I  Q  L  ~  E  S  V  ~  O  E  L  It  e  ~  ~  E  g  ~  D  R  S  S  ~  ~  S  a  a  P  ~  ¢  ~  ~  ~  T  T  A  K  V  7~0 
2221  CAGCAGAG  GCTG  CTTG  GAGT  CATGCGTCCCGAGAAT  GGAAACACCCAGCAAATGCAACAGGAGCTGCAC,  AGG~  ~GG~T~T  ~A~AG~TC~A~  AG~ AGA 
Q  R  L  L  ~  v  ~  ~  ~  ~  ~  G  ~  T  0  ~  n  0  ~  •  L  ~  ~  K  ~  n  ~  A  ~/  k  s  ~  it  I  s  ~  ~  A  x  ~  Q  ~  v  ~  785 
2356  AAAT  CCTACCAAGCTCTC,  C~TTTGTC~L~TTTGTGAACATCAGTTTACTGTCATTGTAGGAGAACTT~  C~GA~U~CT~~G~  ~ 
K  S  r  Q  A  ~  A  h  W  K  L  ~  C  ~  H  O  P  T  V  I  V  G  E  h  0  K  E  P  Q  E  Q  L  K  I  T  T  F  K  D  L  V  !  R  E  K  s~o 
2491  GAC,  G  TCACTGGAC, CACTaATTCCTTCTCTCAT CAACTGCT  ACAT  CAGAGACAATGCTGCT GT~&~A~TA~T~G~GA~~AT~T  ~G~G 
E  V  T  G  A  L  I  A  $  b  I  N  C  Y  I  R  D  N  A  A  V  D  G  I  S  L  H  L  Q  D  T  C  p  L  L  Y  S  T  D  D  A  V  C  S  K  875 
2626  C,  CAAATGAACTTCTTCAGCG TTCCCGGCAAGTTCAGAGTAAGAGCC, AGAGAGAGAGGATGT~~GTAC~T~~  ~TG~AT  ~ 
A  N  E  L  L  Q  R  S  R  Q  V  Q  S  K  S  E  R  E  R  M  ~  R  E  S  ~  K  ~  Y  O  X  I  S  N  Q  V  D  L  P  S  V  C  A  O  Y  R  920 
2"~61 CAAG  TGCG  CTTTTATG  AGGGTGTGGTGGAACTGTCTCTTACTCCTGCGC,  AGA~T~CA~~AT~T~C~  ~  ~A~ 
Q  V  R  ~  ~  ~  o  v  v  s  ~  s  L  T  ^  A  ~  It  K  D  P  0  s  u  s  ~  ,  F  Y  it  s  o  s  ~  ~  ~  D  v  v  o  u  Q  T  •  O  965 
2896  GAGAGATTAAACAG.TTACAAGTCCATCACAGA~ACTCTTC~C'A~`T~%ATCAAAGTAAGGCA~CAGTC~GTA~G~~  ~AT~~G 
E  R  L  N  S  Y  K  C  I  T  D  T  L  O  E  5  V  S  Q  S  K  A  A  P  Q  S  P  S  V  P  K  K  P  O  P  P  V  L  S  S  O  P  N  M  L  1010 
3031  AeCAATOAAGAGGCAGG&CATCACTTTGAACAAATGCTTAAACT  G~)CT  CAGCGATCCAAG~TGA~  ~C~A~CTAT~G~T~TGCA~T~G~A~GA~  ~ 
~  £  ~  A  ~  H  H  F  •  Q  ~  L  g  L  A  ~  R  S  it  D  ~  L  ~  $  I  A  L  Y  N  ~  L  I  O  A  D  b  ~  D  K  L  g  ~  I  A  1055 
3166  TCTCCATTTCTTC,  AC.CCACATCTT  GTCCGAAT(~GCCA~TC, GATC~CCGAGTTC~TATATGGA~TTA~ATTA~C~A~G~~G~G 
S  ~  P  L  ~  ~  ~  ~  V, ~  ~  a  It  V  D  ~  S  ~  V  R  Y  M  D  L  5  W  ~  ~  y  ~  ~  S  ~  S  P  S  S  a  A  R  V  ~  S  it  L  1100 
3)01  C.OCCACATGCACACCACAGAAATT TCAC~GCAOC.AGCGACTAGAATACATTGCTCGAGOCATTCTT~~~A~ATAG~A~T  ~G~TT~A~ 
A  D  M  n  S  T  E  I  S  b  Q  ~  R  b  E  M  I  A  R  A  I  5  S  A  K  S  S  T  A  I  S  g  l  A  A  D  G  S  F  L  M  E  b  g  E  1145 
3436  AAAATC~C~  AC~T CC~C~TCAC~T kCAA~.AC,  ACACT  AC~A~AGTACTCCCATCAT~A~  ~  ~CAT~A~TTA~A~ 
K  M  ~  v  A  ~  I  Q  ~  ~  z  ~  ~  T  L  ~  R  ~  y  s  ~  S  S  S  V  0  D  A  ~  s  O  L  D  ~  •  ~  ~  v  I  T  it  ~  •  s  ~  I~9o 
3571  T T  T  GCTGACCCATTTAAACT  TCCA  C,A~T  GTAAACTT  GCAATCAT  TCAT  TGTG  CT~ TTAT  ~G  AT~TA~  T~~T  A~TA~T  T~G ~T  ~T~CA~A~ 
A  O  P  F  ~  L  A  E  C  It  ~  A  I  ~  ~  C  A  o  ¥  s  ~  ~  l  t,  v  ~  T  L  W  O  ~  !  ~  E  ~  E  I,  s  D  s  v  T  ~  s  Z2~5 
3706  TCAT  CAGA'I~AATC.CATGCTCTT AC.CCTCAAC~GTTCTCCTTC.CCAAAATCTATC.CTGGCACACCTt~TTTT  ~T~T  T~G~TT~G~ST  ~GTA~T~T 
S  S  o  ~  s  H  A  L,  s  L  K  L  v  L  u  u  K  I  Y  A  s  T  P  R  e  F  P  5  o  P  I  v  Q  r  c  ~  Q  Qv  c  T  ~  S  W  D  12~0 
3641  GTGGGATTTGTGATACAGACCATGAATGA~ATCC,  CT  GTCCCTTT  ACCT  AGGCTACTAGAAGTTTATGATCAG~~A~A~GA~G  ~  A~  ~  ~TT~ 
V  G  F  V  I  Q  T  M  N  E  I  G  V  P  b  P  R  L  b  ~  V  ¥  D  Q  L  F  K  S  R  D  P  F  W  N  R  v  K  S  P  h  M  b  b  D  C  1325 
3976  ATCCATGT  ACTG  TTGACAAGATATGTTGAGAATCCT  AGCCTAGTTTTA~ATT GTGAGAGGAGAAGGTT TACAAATCTCT~ ~GGATG~T~GT~A~  ~  ~CTT~GT~TGA~C~  ~G 
I  s  v  ~  c  T  ~  ¥  V  S  S  P  S  h  v  L  n  C  E  S  R  R  F  T  S  L  C  L  V  A  v  C  a  ¥  L  v  E  b  Q  S  S  $  S  S  V  1370 
4111  CCAG  TACA~ATCACTGGGAATTTTARAT~CCAAGCGAAGTT~GAAC~G~TCC.ATTAATTACTGTAGTATATTTT~G~TTTT~T~  T~ T~  AT~ ~A~ 
A  v  Q  A  x  T  o  ~  ~  K  s  L  ~  A  K  ~  S  R  L  ~ i  13~o 
4246  A~ 
Figure 8. cDNA and deduced 
amino acid sequence of nup- 
155  (p140).  Nucleotides  are 
numbered on the left; the co- 
ordinate  +1  was assigned to 
the first nucleotide of the read- 
ing frame. Amino  acids, repre- 
sented by one-letter codes, are 
numbered  on the  right.  The 
heavy lines mark the initiation 
codon, the termination codon 
and the poly A addition sites. 
Stretches  of  amino  acid  se- 
quence  obtained  by  peptide 
sequencing  are  underlined. 
These sequence data are avail- 
able  from  EMBL/CrenBank/ 
DDBJ under accession num- 
ber Z21780. 
fact, shown that it is a nup as well (Radu, A., G. Blobel, and 
R.  W. Wozniak, unpublished results).  As complete extrac- 
tion of nup155 and the WGA-binding  nups occurred at 7.0 M 
urea/1.0 mM EDTA and, although 7.0 M urea/1.0 mM EDTA 
extracts  the lamins (Fig. 2), it may, for further work, serve 
as a more quantitative extraction condition that yields a more 
complete recovery of all classes of nups particularly  as the 
lamins are likely to be readily separable from most of the 
potential nups (Fig. 2). It is interesting to note that about half 
of nup155  is extracted by 500 mM NaC1/5  mM  MgC12, a 
condition that has previously been used in the preparation of 
a"nuclear pore complex lamina" fraction (14). It is likely that 
nup155  is not the only nup that is partially  extracted under 
these conditions, judging from the considerable number of 
peripheral nuclear envelope proteins, all of them potential 
nups,  that  were extracted under these conditions  (Fig.  1, 
lane 2A). 
Nup155  was found by immunoelectron microscopy to be 
localized on the NPC (Fig. 7). A noteworthy feature of p155 
is the presence of 48 consensus sites for various protein ki- 
nases (nup155 is in fact a phosphoprotein) (Courvalin, J. C., 
A.  Radu,  G.  Blobel,  and R.  Wozniak, unpublished data). 
Regulated  phosphorylation and dephosphorylation of these 
sites may be important for the function of nup155  and may 
play a role in the reversible disassembly of the NPC during 
mitosis. 
We thank Helen Shio for preparation of the immunoelectron microscopy 
specimens,  Jun Sukegawa for the hgtl0 BRL cell cDNA library, Jean- 
Claude Courvalin for the sucrose gradient sedimentation analysis of mitotic 
HeLa cell extracts,  and members of the Rockefeller  University/Howard 
The Journal of Cell Biology,  Volume 121, 1993  8 Hughes Medical Institute Biopolymer Facility, especially Joseph Fernan- 
dez, for protein sequencing. 
Received for publication 6 November 1992 and in revised form 30 Decem- 
ber  1992. 
References 
1. Akey, C. W. 1989. Interactions and structure of the nuclear pore complex 
revealed by cryo-electron microscopy. J.  Cell Biol. 109:955-970. 
2. Deleted in proof. 
3. Aris, J. P., and G. Blobel.  1989. Yeast nuclear envelope proteins crussreact 
with an antibody against mammalian  pore complex proteins. J. Cell Biol. 
108:2059-2067. 
4. Benton, W. D., and R. W. Davis. 1977. Screening lambda gt recombinant 
clones by hybridization to single plaques in situ. Science  (Wash. DC). 
196:180-182. 
5. Blobel, G., and V. R. Potter. 1966. Nuclei from rat liver: isolation method 
that combines purity with high yield. Science  (Wash. DC). 154:1662- 
1665. 
6. Canoe, W. G., N. Chandhary, H. J. Worman, G. Biobel,  and C. Cordon- 
Cardo. 1992. Expression of the nuclear lamins in normal and neoplastic 
human tissues. J.  Exp. Clin. Cancer Res.  11:233-246, 
7. Carmo-Fonseca, M., H. Kern, and E. C. Hurt. 1991. Human nucleoporin 
p62 and the essential yeast nuclear pore protein NSP1 show sequence ho- 
mology and a similar domain organization. Eur. J.  Cell  Biol. 55:17-30. 
8. Cordes, V., I. Walzenegger, and G. Krohne. 1991. Nuclear pore complex 
glycoprotein p62  of Xenopus  Laevis  and mouse: cDNA cloning and 
identification  of its glycosylated region. Eur. J.  Cell. Biol. 55:31-47. 
9. Courvalin, J.-C., K. Lassouod, E. Bartnik, G. Blobel, and R. W. Wozniak. 
1990.  The 210-kD nuclear envelope polypeptide recognized by human 
autoantibodies in primary biliary cirrhosis is the major glycoprotein of 
the nuclear pore. J.  Clin. Invest. 86:279-285. 
10. Dabanvalle, M. C., R. Benavente, and N. Chaly. 1988. Monoclonal anti- 
bodies to a Mr 68,000 pore complex glycoprotein interfere with nuclear 
protein uptake in Xenopus oocytes. Chromosoma. 97:193-197. 
11. Davis, L., and G. Blobel.  1986. Identification  and characterization of a nu- 
clear pore complex protein.  Cell. 45:699-709. 
12.  Davis, L., and G. Blobel.  1987.  Nuclear pore complex contains a family 
of glycoproteins that includes p62:  glycosylation through a previously 
unidentified cellular pathway. Proc.  Natl. Acad.  Sci. USA. 84:7552- 
7556. 
13. Davis, L., and G. Fink. 1990. The NUPI gene encodes an essential compo- 
nent of the yeast nuclear pore complex. Cell. 61:965-978. 
14. Dwyer, N., and G. Blobel.  1976.  A modified procedure for the isolation 
of a  pore complex-lamina fraction from rat liver nuclei. J.  Cell Biol. 
70:581-591. 
15. Fernandez, J., M. DeMott, D. Atherton, and S. M. Mische. 1992. Internal 
protein sequence analysis: enzymatic digestion for less than 10 #g protein 
bound to polyvinylidene difluoride  or nitrocellulose membranes. Analyt. 
Biochem. 201:255-264. 
16. Gerace, L., and B. Burke.  1988. Functional organization of  the nuclear enve- 
lope. Ann.  Rev. Cell Biol. 4:335-374. 
17. Gerace, L., Y. Ottaviano, and C. Kondor-Koch.  1982. Identification of a ma- 
jor polypeptide  of the nuclear pore complex. J.  Cell Biol. 95:826-837. 
18. Griffiths, G. K., C. Simmons, K. Warren, and K. T. Tokuyasu. 1983. Im- 
munoelectron microscopy using thin,  frozen sections: applications to 
studies of the intracellular transport of Semliki forest virus spike glyco- 
proteins. Methods Enzymol.  96:466-485. 
19. Hanover, J. A., C. K. Cohen, M. C. Willingham, and M. K. Park. 1987. 
O-linked N-acetylghicosamine  is attached to proteins of the nuclear pore. 
Evidence  for  cytoplasmic and  nucleoplasmic glycoproteins. J.  Biol. 
Chem. 262:9887-9895. 
20. Harlow, E., and D. Lane. 1988. Antibodies: A Laboratory Manual. Cold 
Spring Harbor Laboratory, Cold Spring Harbor, NY. 313-315. 
21. Hart,  G. W., R.  S.  Haltiwanger, G.  D.  Holt,  and W. G. Kelly.  1989. 
Glycosylation in the nucleus and the cytoplasm. Anna. Rev.  Biochem. 
58:841-874. 
22. Hinshaw, J. E., B. O. Carragher, and R. A. Milligan. 1992. Architecture 
and design of the nuclear pore complex. Cell. 69:1133-1141. 
23. Holt, G.  D., C. M.  Snow, A. Senior, R. Haltiwanger, L. Gerace, and 
G. W. Hart. 1987. Nuclear pore complex glycoproteins contain cytoplas- 
mically disposed O-linked N-acetylglucosamine. J. Cell Biol. 104:1157- 
1164. 
24. Hurt, E.  1988.  A novel nucleoskeletal-like  protein located at the nuclear 
periphery is required for the life cycle of Saccharomyces  cerevisiae. 
EMBO (Ear. Mol. Biol. Organ.) J.  7:4323-4334. 
25. Johnson, G. D., and G. M. de C. Nogueira Aranjo. 1981. A simple method 
of reducing the fading of immunofluorescence  during microscopy. J. lm- 
munol. Methods 43:349-350. 
26. Kozak, M. 1986. Point mutations define a sequence flanking the AUG initi- 
ator codon that modulates translation by eukaryotic ribosomes.  Cell. 
44:283-292. 
27. Lee, C. C., W. Xiangwei, R. A. Gibbs, R. G. Cook, D. M. Muzny, and 
C. T. Caskey. 1988. Generation ofcDNA probes directed by amino acid 
sequence: cloning of urate oxidase.  Science  (Wash. DC). 239:1288- 
1291. 
28. Metrione, R. M.  1982. Bromoacetyl Sepharose: a solid phase inhibitor of 
sulfhydryl enzymes. Anal. Biochem.  120:91-94. 
29. Miller, M., M. K. Park, and J. A. Hanover. 1991. Nuclear pore complex: 
structure, function, and regulation. Physiol.  Rev. 71:909-949. 
30. Muller, G. M., M. Shapira, and R. Arnon. 1982. Anti-influenza response 
achieved by immunization with a synthetic conjugate. Proc. Natl. Acad. 
Sci.  USA. 79:569-573. 
31. Nehrbass, U., H. Kern, A. Mutvei, H. Hors~mnn, B. Marshallsay, and 
E. Hurt. 1990.  NSPI: a yeast nuclear envelope protein localized at the 
nuclear pores exerts its essential function by its carboxy-terminal  domain. 
Cell. 61:979-989. 
32. Park, M. K., M. D'Onofrio, M. C. Willingham, and J. A. Hanover. 1987. 
A  monoclonal  antibody  against  a  family  of  nuclear  pore  proteins 
(nucleoporins):  O-linked  N-acetylghicosamine  is  part  of  the  im- 
munodeterminant. Proc. Natl. Acad.  Sci. USA. 84:6462-6466. 
33. Pearson, W. R., and D. J. Lipman. 1988. Improved tools for biological se- 
quence comparison. Proc. Natl. Acad.  Sci. USA. 85:2444-2448. 
34. Reichelt, R., A. Holzenhurg, E. L. Buhle, Jr., M. Jarnik, A. Engel, and 
U. Aebi.  1990.  Correlation between structure and mass distribution of 
the nuclear pore complex and of distinct pore complex components. J. 
Cell Biol. 110:883-894. 
35. Schindler, M., M. Hogan, R. Miller, and D. DeGaetano. 1987. A nuclear 
specific glycoprotein representative of a unique pattern of glycosylation. 
J.  Biol. Chem. 262:1254-1260. 
36. Snow, C., A. Senior, and L. Gerace. 1987. Monoclonal antibodies identify 
a group of nuclear pore complex glycoproteins. J.  Cell  Biol. 104:1143- 
1156. 
37. Start,  C. M., M. D'Onofrio,  M. K. Park,  and J. A. Hanover. 1990.  Pri- 
mary sequence  and  beterologous  expression  of  nuclear  pore  glycoprotein 
p62. J. Cell Biol. 110:1861-1871. 
38. Sukegawa, J., and G. Blobel.  1993.  A nuclear  pore complex protein  that 
contains  zinc  finger  motifs,  binds  DNA and faces  the  nuclcoplasm.  Cell. 
72:29-38. 
39. Tokuyasu, K. T. 1973. A technique  for  ultracryotomy  of  cell  suspension 
and tissue.  J. Cell BioL 57:551-565. 
40. Towbin, H., T. Staehelin,  and J. Gordon. 1979.  Electrophoretic  transfer 
of proteins from polyacrylamide gels to nitrocellulose sheets: procedures 
and some applications. Proc. Natl. Acad.  Sci. USA. 76:4350-4354. 
41. Unwin, P. N. T., and R. A. Milligan. 1982. A large particle associated with 
the perimeter of the nuclear pore complex. J.  Cell Biol. 93:63-75. 
42. Wente, S. R., M. P. Rout, and G. Blobel.  1992. Identification  of genes en- 
coding novel nucleoporins of  the yeast nuclear pore complex. J. Cell Biol. 
119:705-723. 
43. Wozniak, R. W. 1989. Primary structure analysis of an integral membrane 
glycoprotein of the nuclear pore complex. Ph.D. thesis. The Rockefeller 
University, New York.  116 pp. 
44. Wozniak, R. W,, and G. Blobel.  1992.  The transmembrane segment of 
gp210 are both necessary and sufficient for the targeting of a membrane 
protein to the nuclear pore. J.  Cell Biol. 119:1441-1449. 
45. Wozniak, R., E. Barmik, and G. Blobel.  1989. Primary structure analysis 
of an integral membrane glycoprotein of the nuclear pore. J.  Cell Biol. 
108:2083-2092. 
Radu et al. Nup155: A Novel Nuclear Pore Complex Protein  9 